
Molecular adaptations of NADP-malic 

enzyme for its function in C4 photosynthesis 

in grasses 

Clarisa E. Alvarez
1,10

, Anastasiia Bovdilova
2,3,10

, Astrid Höppner
4,10

, Christian-Claus Wolff
2,3

, 

Mariana Saigo
1
, Felipe Trajtenberg

5
, Tao Zhang

6,7
, Alejandro Buschiazzo

5,8
, Luitgard Nagel-Steger

6,7
, 

Maria F. Drincovich 
1
, Martin J. Lercher 

3,9
 and Veronica G. Maurino 

2,3
* 

1
Centro de Estudios Fotosinteticos y Bioquimicos (CEFOBI-CONICET), Facultad de Ciencias Bioquímicas y Farmacéuticas, 

University of Rosario, Rosario, Argentina.  
2
Plant Molecular Physiology and Biotechnology Group, Institute of Developmental and Molecular Biology of Plants, Heinrich 

Heine University Düsseldorf, Düsseldorf, Germany.  
3
Cluster of Excellence on Plant Sciences, Düsseldorf, Germany.  

4
Center for Structural Studies, Hreinrich Heine University Düsseldorf, Düsseldorf, Germany.  

5
Laboratory of Molecular and Structural Microbiology, Institut Pasteur de Montevideo, Montevideo, Uruguay. 

6
Institut für Physikalische Biologie, Heinrich Heine University, Düsseldorf, Germany.  

7
Institut of Complex Systems, Structural Biochemistry (ICS-6), Jülich, Germany.  

8
Integrative Microbiology of Zoonotic Agents, Department of Microbiology, Institut Pasteur, Paris, France.  

9
Institute for Computer Science and Department of Biology, Heinrich Heine University Düsseldorf, Düsseldorf, Germany. 

10
These authors contributed equally: Clarisa E. Alvarez, Anastasiia Bovdilova, Astrid Höppner.  

*e-mail: veronica.maurino@uni-duesseldorf.de 

Abstract 

In C4 grasses of agronomical interest, malate shuttled into the bundle sheath cells is 

decarboxylated mainly by nicotinamide adenine dinucleotide phosphate (NADP)-malic 

enzyme (C4-NADP-ME). The activity of C4-NADP-ME was optimized by natural selection to 

efficiently deliver CO2 to Rubisco. During its evolution from a plastidic non-photosynthetic 

NADP-ME, C4-NADP-ME acquired increased catalytic efficiency, tetrameric structure and 

pH-dependent inhibition by its substrate malate. Here, we identified specific amino acids 

important for these C4 adaptions based on strict differential conservation of amino acids, 

combined with solving the crystal structures of maize and sorghum C4-NADP-ME. Site-

directed mutagenesis and structural analyses show that Q503, L544 and E339 are involved in 

catalytic efficiency; E339 confers pH-dependent regulation by malate, F140 is critical for the 

stabilization of the oligomeric structure and the N-terminal region is involved in 

tetramerization. Together, the identified molecular adaptations form the basis for the efficient 

catalysis and regulation of one of the central biochemical steps in C4 metabolism. 

Main 

The mechanism of C4 photosynthesis is a complex trait that confers strongly reduced 

photorespiration and greater photosynthetic efficiency, accompanied by increased nitrogen 

and water use efficiency, in plants growing in temperate or hot climates and under high 

irradiation
1,2,3

. Despite its biochemical and anatomical complexity, C4 photosynthesis 

ev
4
. The evolution of the C4 trait involved the functional 

specialization of bundle sheath cells (BSC) and the cellular relocation and molecular 

adaptation of photosynthetic and photorespiratory enzymes
3
. The adaptation of cellular 

activities to the C4 syndrome regularly involved gene duplications followed by neo-



functionalizations, as well as changes in the expression and biochemical properties of existing 

gene products; however, many details of these crucial evolutionary changes remain obscure
5
. 

The largest C4 biochemical subtype, which includes the major monocot crops Zea mays 

(maize) and Sorghum bicolor (sorghum), uses a C4-specific isoform of nicotinamide adenine 

dinucleotide phosphate (NADP)-dependent malic enzyme (C4-NADP-ME) to decarboxylate 

malate in BSC chloroplasts
6
. Optimized kinetics and tight regulation of this enzyme are 

essential to C4 photosynthesis, because coordination of C4-NADP-ME decarboxylation and 

Rubisco carboxylation rates is imperative in maintaining an effective flux via the C4 pathway. 

C4-NADP-ME is likely to have evolved through the duplication of a gene encoding a plastidic 

non-photosynthetic isoform (nonC4-NADP-ME), followed by the acquisition of a BSC-

specific expression pattern
7,8,9,10

. In monocots, this gene duplication event occurred before the 

divergence of the Poaceae
5
. This means that the same duplicated NADP-ME was probably co-

opted for the C4 function in independent C4 lineages
5
. 

Plastidic C4- and nonC4-NADP-MEs differ in their kinetic and regulatory properties. In maize 

and sorghum, C4-NADP-ME shows two- to fivefold higher catalytic efficiency than that of 

the nonC4-isoforms
11

. The affinity of C4-NADP-ME for malate is twofold higher than that of 

the nonC4-isoform
8,11

. In both species, the C4-NADP-ME isoform is inhibited by malate at 
8,11,12,13,14

), and the affinity of C4-NADP-ME for the co-factor NADP is two- to 

tenfold higher than that of the nonC4-isoforms
8,14

. C4- and nonC4-NADP-ME also differ in 

their quaternary organization: the photosynthetic isoform assembles as a tetramer while the 

nonC4 isoform assembles as a dimer
7,8,11,15

. The particular kinetic properties and oligomeric 

organization of C4-NADP-ME seem to be crucial features for C4 optimization, as they were 

also described for the independently evolved C4-NADP-ME of Saccharum officinarum
13

. 

Why are the regulation of C4-NADP-ME activity by malate and the formation of a tetramer C4 

considered adaptations? During the night, when photosynthesis is not active and stromal pH 

decreases to around 7.0–7.5 (ref. 
16

), C4-NADP-ME can be inhibited by its own substrate. 

This prevents an extreme decrease in malate content that ensures a rapid kick-start for 

Rubisco action at the beginning of the next day and avoids carbon starvation during the 

night
17,18

. In addition to metabolite regulation, it has been proposed that the tetrameric 

organization of C4-NADP-ME forms the basis for a second level of regulation—a proportion 

of C4-NADP-ME probably loses its quaternary structure during the night and adopts a less 

active or inactive lower oligomerization state
13

. However, experiments to confirm these 

regulatory mechanisms in planta are extremely difficult, in part because the molecular 

determinants of C4-NADP-ME regulation are still not identified. 

The structural and biochemical changes that occurred during the adaptation of C4 enzymes to 

their central role in C4 photosynthesis must have been acquired through specific amino acid 

substitutions. This was addressed in the case of Flaveria C4 phosphoenolpyruvate carboxylase 

over a series of publications showing that only two single mutations are sufficient to switch 

the function from C3 to C4 (refs. 
19,20,21,22,23

); a single mutation in the active site, A774S, is 

sufficient to confer low affinity on the substrate PEP, and a single mutation at the inhibitory 

site, R884G, is sufficient to reduce malate/aspartate inhibition. Here, we developed an 

algorithm to detect amino acids that are strictly differentially conserved in plastidic 

photosynthetic and non-photosynthetic isoforms within the clade Panicoideae of the family 

Poaceae. From these, we selected amino acids of probable functional importance based on the 

crystal structures of maize and sorghum C4-NADP-ME, which represent the first crystal 

structures of malic enzyme reported for plants, complementing the collection of previously 

resolved structures of malic enzyme that use NADP from other sources such as human, 



pigeon and bacteria
24,25,26,27,28,29,30

 (Supplementary Table 1). The combination of sequence 

analysis, structural analysis and protein engineering allowed us to identify molecular 

determinants that confer C4 properties on NADP-ME, such as its tetrameric organization, high 

affinity to the substrate and pH-dependent inhibition by malate. 

Results 

Determination of the crystal structure of maize and sorghum C4-NADP-ME 

To aid in identifying amino acid residues that contribute to C4 optimization of NADP-ME, we 

solved the crystal structures of C4-NADP-ME of maize (ZmC4-NADP-

resolution and of sorghum (SbC4-NADP- 1 for data collection and 

refinement statistics). 

 
ZmC4-NADP-ME  SbC4-NADP-ME  

Data collection 
a
  

Space group  I 21 21 21  C 1 2 1  

Cell dimensions      

 a, b, c  135.96 147.16 261.62  208.10 64.26 202.72  

 , ,  (°)  90 90 90  90 94 90  

 48.83–2.20 (2.28–2.20)
b
  29.28–2.00 (2.03–2.00)

b
  

R merge  0.063 (0.472)  0.085 (0.585)  

I I  18.7 (3.51)  9.1 (2.1)  

Completeness (%)  100 (99.0)  100 (100)  

Redundancy  5.9 (6.0)  3.7 (3.6)  

Refinement  

R  48.83–2.20 (2.28–2.20)  29.28–2.00 (2.05–2.00)  

No. reflections  132,069 (12,943)  181,074 (13,297)  

Rwork / Rfree  0.166 (0.209) / 0.207 (0.264)  0.180 (0.211) / 0.210 (0.252)  

No. atoms      

 Protein  17,500  15,643  

 Ligand/ion  17  297  

 Water  729  1715  

B factors      

 Protein  40.13  32.42  

 Ligand/ion  46.00  41.46  

 Water  39.83  40.90  

R.m.s. deviations      

  0.018  0.010  

 Bond angles (°)  1.83  0.99  

a
Data for ZmC4-NADP-ME and SbC4-NADP-ME were collected from one single crystal each. 



b
Values in parentheses relate to the highest-resolution shell. 

 

The quaternary structure of ZmC4-NADP-ME displays a homo-tetrameric assembly 

g. 1a). 

For an in-depth description of the overall structure refer to Supplementary information and 

Supplementary Figs. 1 and 2. The dimers are tilted relative to each other at an angle of ~55° 

(Fig. 1b and Supplementary Video 1). Residues forming the tetramer interface are mainly 

nd C (Supplementary Table 2). SbC4-NADP-ME is likewise 

assembled as a tetramer (Fig. 1c), with an overall structure highly similar to that of ZmC4-

NADP-ME (Supplementary information

with unambiguous electron density, whereas monomers

comparisons. SbC4-NADP-ME shows an NADP molecule bound in the active sites of 

 electron density close to the nicotine 

amide moiety of NADP, which most likely represents a pyruvate as it is in an orientation and 

position similar to the pyruvate binding site previously reported for human mitochondrial 

NAD(P)-ME (PDB-1PJ3)28 (Fig. 1, Supplementary Video 1 and Supplementary Fig. 3). 

 

Fig. 1: Quaternary organization of C4-NADP-ME a, Cartoon illustration of the tetrameric assembly of 

ZmC4-NADP-

b ZmC4-NADP-ME, displaying the tilted arrangement 

of the dimers relative to each other. c, Cartoon representation of SbC4-NADP-

-



arrangement. Refer to Supplementary Video 1 for a three-

structure of SbC4-NADP-ME. 

A superposition of ZmC4-NADP-

4a Supplementary information

4-NADP-

4b

The presence of th - 4-NADP-

4-NADP- —based on 

-plant NADP-ME structures25,29,31—

-factor binding. These non-plant NADP-ME 

binding and product release. This open–closed transition during catalysis has been posited as being 

general for malate enzymes31

 

Identification of amino acid residues involved in C4 optimization 

To identify amino acid residues that contribute to the observed C4-specific function of C4-NADP-ME 

 non-

ur 

5  

crystal structures of ZmC4-NADP-ME and SbC4-NADP-

-

be inv

2  



 
Fig. 2: Candidate amino acids for functional analysis identified using Zm- and SbC4-

NADP-ME crystal structures. The C4-NADP-

Fig. 1a

functional analyses. The four amino acids are also strictly differentially conserved in S. italica and the 

red. Refer to Supplementary Video 1 for a 

positions comparable to the fumarate bi

the active site. 

To further restrict the number of amino acids identified in the lineage Andropogoneae to the most 

Setaria italica, another member of the family 

Panicoideae of the Poaceae that belongs to an independent C4 linage in the Paniceae
10,32

. We 

reasoned that Setaria - 4-NADP-

for its role in C4 photosynthesis. We found that only four of the amino acids of putative functional 

L544 in ZmC4-NADP- 2 and Supplementary Video 1 4-NADP-ME 

originated through single point mutations of the respective codons in the nonC4-isofom. We thus 

decided to focus on these four sites for mutagenesis of ZmC4-NADP-ME, and for further biochemical 

and structural characterization. 

We produced mutant variants of ZmC4-NADP-

amino acids for those conserved in the nonC4-NADP- 544F. The 

3a 

and Supplementary Fig. 6

– 3b  



 

Fig. 3: Comparison of ZmC4-NADP-ME variants shows that the identified amino acids contribute to 

the kinetic differences between C4- and nonC4 isoforms. a, SDS–

and analysed by immunoblot using anti-His- rent protein 

- 4-NADP-

non-

-purified ZmC4-NADP-

immunoblot. The size of the recombinant ZmC4-NADP-

 b, Dependence of the 

activity of ZmC4-NADP-ME WT and the four engineered enzyme versions on the pH of the reaction 

V0 mol mg
1
 

min
1

c, ZmC4-

NADP- d, ZmC4-

NADP-ME activity under varying amounts of malate at pH e, 

ZmC4-NADP- f, 

4-NADP-

adjusted to the Michaelis–Menten equation by non-

Ki 
#



-tailed t-

test. *P P P P 3

a–f n

measured in triplicate. 

 

3c–f -factor NADP 

3c,f

3c,f

3d,f -NADP-ME 

8,15  

3e,f -

-NADP- 3e,f

-NADP-ME, producing 

the affinity for NADP and malate and the catalytic rate resemble those of ZmC4-NADP- 4a

t of 

ZmC4-NADP- 4a

-factor and substrate. 

 

Fig. 4: Comparison of ZmnonC4-NADP-ME variants confirms pivotal roles for substitutions I140F 

and A339E in combination with an N-terminal deletion. a



ZmnonC4-NADP-

–Menten equation by non-linear regression 

the exception of 

Ki 
#

–

n

preparations, each measured in triplicate. Fo

value is statistically significantly different from the corresponding reference value as evaluated by 

-tailed t-test. *P P P P

Supplementary Table 4 b, Native PAGE of recombinant ZmnonC4-NADP- 4

loaded in lanes 1– – -gel NADP-ME activity assay. Coomassie-

- -Aldri

 

Oligomeric organization of ZmC4-NADP-ME variants 

4-NADP-

of the single mutations introduced in the engineered enzymes affected their secondary 

obtained indicated that the engineered proteins generally have conserved secondary structures 

7  

Recombinant ZmC4-NADP-ME and variants 

5a

5a 4-NADP-ME variants 

assayed for NADP-

tetramers under assay 5b

tetrameric form of C4-NADP-ME is active in sorghum
11

n of the tetramer fraction 

-ME activity in the in-gel assay 

5b kcat eightf 3f

kcat 

performance of this enzyme but is related 

the active tetrameric structure. 



 

Fig. 5: F140, but none of the other strictly differentially conserved residues, contributes to 

stabilization of the tetramer. a, Native PAGE of recombinant ZmC4-NADP-ME WT and the four 

-ZmC4-NADP-

ME antibodies. Coomassie-

and ß- - b, Native PAGE of recombinant ZmC4-

NADP- -gel NADP-ME activity 

assay. c, Close- –

ZmC4-NADP- - s

d, Native PAGE of 

recombinant ZmC4-NADP- nalysed by 

immunoblot using anti-ZmC4-NADP-

4-NADP-ME homotetramer 

-stained loading c 4-NADP-



-

the left. The experiments in a,b,d  

To further analyse protein 

subjected to analytical ultracentrifugation. The measurements thus acquired confirmed a stable 

tetrameric state of the WT ZmC4-NADP-

approxim 5c

5c

5c 

agglomerates that form under the conditions of the assay at sedimentation coefficients higher than 

4-

NADP-  

We additionally examined the oligomerization state of the recombinant WT ZmC4-NADP-ME after 

 mobility similar to that 

5d  

To further analyse the role of F140 in the stabilization of the oligomeric structure of ZmC4-NADP-ME, 

4-NADP-

Native PAGE assayed for NADP-

presents a slightly higher mobility than the WT ZmnonC4-NADP- 4b

 and malate, and increased kcat compared to the WT ZmnonC4-

NADP- 4a 4a  

Use of combination of mutants to analyse the evolution of C4 properties 

4-NADP-

4-NADP- 4a

4a

4a

A399E is not effective in conferring malate inhibition. 

Besides the changes in amino acids differentially conserved among NADP-ME isoforms, they differ in 

the N-ter 4-NADP- –

to C4-NADP- 5 -terminal deletion of ZmnonC4-NADP-

Supplementary Fig. 5
11

 4b to further analyse 

the role of F140 and E339 in conferring C4 properties to NADP- 4 amino 

 

DelN/A339E has the same mobility in native PAGE as DelN, indicating t

4b

drastically decreased kcat 



4a

native PAGE than DelN and DelN/A339E, recalling the induction of a change in mobility observed by 

4-NADP- 4b red 

Km for NADP and kcat kcat value measured is 

3.9-fold higher than that of DelN/A339E, 21-fold higher than that of DelN and 3.3-fold higher than 

4-NADP-

4a

4-NADP-

4a  

Discussion 

4 4 -ME. The in

nonC4-NADP- 4b and 5a

this modification of the overall structure of the proteins might explain the changes observed in the 

4-NADP-ME destabilizes the oligomeric 

organization of the protein, pro 5a 4-NADP-ME, F140 is 

2

–monomer interactions at the dimer interface. While 

2 and Supplementary Table 2

pro 6a and Supplementary Video 2

4-NADP-

ME, F140 may facilitate the generation of tetramers by stabilizing the dimers. 



 

Fig. 6: Positions and interactions of F140 and E339 in the C4-NADP-ME structure. a

4-NADP-ME. Refer to Supplementary Video 2 for a 3D visualization of the position 

of F140. b -

C4NADP-ME. c, E339 in mon -C4NADP-

d 4-

NADP- - e the 

 

We propose that the evolutionary acquisition of F140 by C4-NADP-

the time of day/night
13

on sugar cane C4-NADP-
13

. Here, 

4-NADP-

- 5d 4 

nd stromal pH decreases to 7.0, C4-NADP-ME loses its quaternary structure 



may represent a means to modulate enzymatic activity dependent on metabolic demand. The use of 

-

suitable for malate binding and less responsive to its allosteric regulator
33

. 

Th 4-NADP-ME is 

involved in the inhibition of malate at acidic pH
15

4-NADP-

suggests that 

4-NADP-ME is directly involved 

4-isoforms possess a hydrophobic A at this 

4 

E339A in ZmC4-NADP-ME is sufficient to completely eliminate the pH-dependent regulation of this 

3 —that the change from A to E in nonC4-NADP-ME is sufficient to induce 

4  

The crystal structures of Zm- and SbC4-NADP-

2 and 

Supplementary Video 3

6b,c

the active site suggest three possible molecular mechanisms for the observed pH-dependent malate 

inhibition. First, the N- 6 and 

Supplementary Video 3 6d and 

Supplementary Video 3 39 could induce a positional rearrangement of the helix, affecting 

and is thus ideally placed to modulate the open/closed transition essential for enzymatic activity
31

 

6d and Supplementary Video 3

changes from 12 to 15.6 4-NADP-ME. 

6d and Supplementary Video 3

6d

6 

and Supplementary Video 3

site in a less effective manner, render

–

7.5, E339 enables the inhibition by malate of C4-NADP-

plac

2 for 

4-PEPC is also inhibited by malate
34

-dependent phosphorylation of C4-PEPC 

 

The amino acid changes independently introduc 4-NADP-ME produced 

Km 

4-NADP-ME, and thus resemble that of the nonC4- Km 



mM
8

gave rise to the increased affinity of C4-NADP-ME for its substrate. During neo-functionalization of 

the chloroplastic NADP- rged amino 

2

2 g. 8a,b

8c  

The adaptive changes 

substitutions in maize C4-NADP-ME and nonC4-NADP-ME. The characterization of combinations of 

4-NADP-ME. The 

pH-dependent malate inhibition gained through the substitution A339E in both WT and DelN nonC4-

NADP-

bly induced by F140 in the 

nonC4-NADP-

the introduction of E339 in the tetrameric DelN mutant adds another C4 feature, a higher substrate 

lytic rate is 

presence of other mutations—

mutations. This may not be surprising, as biochemical changes induced by the substitutions appear to 

rely predominantly on long-range effects mediated by changes in the structural details of the protein 

4

 

4-NADP-ME 

affinity for malate, E339 is sufficient to confer both high catalytic efficiency and inhibition by malate 

4-NADP-ME 

-terminal region is responsible for tetramerization. These results provide tools for 

initiation of analyses of the physiological significance of enzyme regulatory mechanisms. 

for rational synthetic biology approaches. For example, to enhance plant yield by installing the C4 

trait into a C3 plant
35,36,37,38

 it is important not only to guarantee high and localized expression of C4 

enzymes, but also to fine-tune their activities to facilitate the required photosynthetic flux through 

the C4 

NADP-ME, this important goal may be achieved by introducing a small number of mutations into a 

copy of the C3 4 isoform. 

 



Methods 

Sequence selection and identification of C4-specific amino acids 

We obtained the amino acid sequences of the plastidic C4- and nonC4-NADP-ME isoforms of Z. mays 

cultivar Ensembl- S. bicolor 

database
39

. We used the maize C4 and nonC4-NADP-ME sequences as BLAST
+
 

identify the corresponding orthologues in the S. italica cultivar v.2.2 proteome in the same database 

-NADP-ME sequence as a BLAST
+
 

-ME in the O. sativa 

 

40
. We used the alignment of C4- and nonC4-

NADP- 5

differentially conserved in C4 compared to nonC4 

C4 sequences of Z. mays and S. bicolor 

4 sequences of Z. mays and S. bicolor and the unique plastidial O. 

sativa sequence. To identify the subset of the most promising candidates of strictly differentially 

corresponding amino acid of the unique plastidial NADP-ME sequence of S. italica 

that of the C4-NADP-ME of Z. mays and S. bicolor. Such a pattern of strict differential conservation 

the selected amino acid—and hence the molecular function— 4 and nonC4/C3 

isoforms. 

Generation of expression constructs and site-directed mutagenesis of ZmC4-

NADP-ME and ZmnonC4-NADP-ME 

To express ZmC4-NADP- s 

amplified from the plasmid pET32::ZmC4 NADP-ME
14

 and cloned in the pET16b expression vector 
41

 -

GCCATCATCATCATCATCATCATCATCATCACAGCAGCGGCCATATCGAAGGTCGTCATGCGATGGTCTC-

-GCAGCCAACTCAGCTTC 

CTTTCGGGCTTTGTTAGCAGCCGCTACCGGTAGTTGCGGTAGAC-

pET16b::ZmC4-NADP-ME -directed 

-to-

orientation. Five identical 50- ultaneously. The DNA obtained 

-

min, destruction of the still-present pET16b::ZmC4-NADP-ME by digestion 

-[Phos]-

TCATGAACACCCTGCG- -[Phos]TCTTCTTAATTTGGAGTTCCTG-

pET16b::F140I_NADP-ME. For the introduction of the E339A 

-[Phos]-AAAATATAGCAAGAGCCATC-

-GCAAGCAAATCAAAGGCATTGTG-

pET16b::E339A_NADP-ME



-[Phos]-AAGCATATACATGGAGT- hos]-CTTCAGCAGTGCATTCA-

pET16b::Q503E_NADP-ME. For introduction of the 

-[Phos]-TCGGCCTCGGTCTTGTGATCTC-

-ATCCAGGGAAAATGTAGGCATTG-

called pET16b::L544F_NADP-ME. 

To express ZmnonC4-NADP-

Nde Xho -bp fragment 

pET32::ZmnonC4 NADP-ME
14

 

-CATATGGCCGCGGAGATGGAGCAG- -GAAAATGTAGGCGTTGTTCGACTGT-

Nde Bam

second fragment obtained by digestion of the plasmid pET32::ZmnonC4 NADP-ME BamH

Xho Nde Xho

pET28::ZmnonC4-NADP-ME -directed mutagenesis 

essentially as descri -

AAACAAGATGGCTCTTGCTATATTTTTCAAGCAAATTAAAAGCATTATGATTC-

-GAATCATAATGCTTTTAATTTGCTTGAAAAATATAGCAAGAGCCATCTTGTTT-

ref. 
14

. The oligonucleotide primer that introduced the mutation in the 

-CTCCAAATTAAGAAGTTCATGCACAACCT- ion position 

from the PCR product to pET32::ZmnonC4 NADP-ME, replacing the WT sequence. The N-terminal 

deletion of ZmnonC4-NADP- ned
11

. To introduce the mutation A339E in 

-terminal fragment of the plasmid pET28::DelN_nonC4NADP-ME, obtained 

EcoRI and XhoI 

obtained from the digestion of pET28::A339E_nonC4NADP-ME

plasmid. 

Expression and purification of recombinant C4- and nonC4-NADP-ME variants 

Escherichia coli 

for ZmC4-NADP-MEs, and in E. coli 4-NADP-MEs. After plasmid 

preparation, the success of the site-direct

600 of 0.6–0 -ß-d-

g 

 

-

-tip 

amount of lysozyme, sonicated and centrifuged at 14,000g 

used for protein purification using gravity- -

- -

Tris-

-



-

 

Removal of the His-tag for crystallization of Zm- and SbC4-NADP-ME 

For crystallization studies of ZmC4-NADP-

- 2. Final concentrations of the protein samples 

. The N-terminal His-

encoded by the pET16b vector and i -tag and the ZmC4-NADP-ME 

4-NADP-

Cleaved His-

HiPrep 16/60 Sephacryl S- -equilibrated 

-

4-NADP-ME, the His-

thrombin/SbC4-NADP- The cleaved His-

similar to that previously described for ZmC4-NADP-

-H 2 employing a Vivaspin20 centrifugal concentrator 

 in the case of ZmC4-NADP-  for SbC4-NADP-ME. 

Zm- and SbC4-NADP-ME crystallization and X-ray data collection 

The initial crystallization condition for ZmC4-NADP- -

-drop vapour-

 

3
 in 5–

-frozen in liquid nitrogen 

- -

0.9763– 23-1 at ESRF. 

4-NADP-

the sitting-drop vapour-

-110 and HR-112 



4-NADP-

-drop set-
1
 

2. Crystals appeared in about 

- -

- 2

-

-protection solution and flash-cooling in liquid N2 for stor -ray 

-

-

Extended Data Table  

Data processing, structure determination and refinement 

-ray diffraction data from ZmC4-NADP-ME and SbC4-NADP-
42

 
43

 
44

performed by magnetic resonance us

45
 

46
 

performed after model rebuilding and validation using Coot
47

. After final refinement of ZmC4-NADP-

4-NADP-

–434 and 524–

segments 365–383, 399–533 and 572–

–535 and 573–

conformations on both main chain and side chains. For SbC4-NADP- -factor 

 
48

. 

Protein quantification and gel electrophoresis procedures 

The protein concentration of purified enzymes and other protein-containing samples used for 

 

SDS– lyacrylamide gels according to ref. 
49

. Pro



4-NADP-
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-

Healthcare  

Determination of kinetic parameters 
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2 -m - –
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non-l

-site model equation
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Secondary structure analysis by circular dichroism 



Circular dichroism analyses of all recombinant versions of ZmC4-NADP-

i 2 -ml ce

-650 

 . The protein concentration, c 

c 280 M d 280 is the measured optical density at 

Mr  is the molar 

d  

-715 spectropolarimeter using a cell 

c d

Mr to the number of peptide bonds 

N – N is the d  is the 

ellipticity measured in milli- c is the protein concentration obtained from 

s estimated from the 

-LL method
50,51
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Quaternary structure analysis by analytical ultracentrifugation 

4-NADP-

Tris- 2 -A analytical ultracentrifuge. Amicon 

-ml 

ately into aluminium 

double- -

- s
54

level F- s- –

WT, and 0–

 

and 

. Graphic output 
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, and the final sedimentation 
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